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ABSTRACT
Thermohydrmulic and Nuclear Modeling of Natural Fission Reactors
by
Jason C M^ggato
Dr. William Culbreth, Examination Committee Chair 
Professor of Mechanical Engineering 
University of Nevada, Las Vegas
Experimental veiihcation of proposed nuclear waste storage schemes in geologic 
repositories is not possible, however, a natural analog exists in the form of ancient natural 
reactors that existed in uranium-rich ores. Two billion years ago, the enrichment of 
natural uranium was high enough to allow a sustained chain reaction in the presence of 
water as a moderator. Several natural reactors occurred in Gabon, Africa and were 
discovered in the early 1970's. These reactors operated at low power levels frar hundreds 
of thousands of years. Heated water generated fr^ om the reactors also leached uranium 
fr-om the surrounding rock strata and deposited it in the reactor cores. This increased the 
concentration of uranium in the core over time and served to "refuel" the reactor. This 
has strong implications in the design of modem geologic repositories for spent nuclear 
fuel. The possibility of accidental frssion events in man-made repositories exists and the 
geologic evidence fr-om Oklo suggests how those events may progress and enhance local 
concentrations of uranium.
Based on a review of the literature, a comprehensive code was developed to model 
the thermohydraulic behavior and criticality conditions that may have existed in the Oklo
iii
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reactor core. A two-dimensional numerical model that incorporates modeling of fluid 
flow, tenqreratures, and nuclear frssion and subsequent heat generation was developed for 
the Oklo natural reactors.
The operating temperatures ranged from about 456 K to about 721 K. Critical 
reactions were observed for a wide range of concentrations and porosity values (9 to 30 
percent UO2 and 10 to 20 percent porosity). Periodic operation occurred in the computer 
model prediction with UO2 concentrations of 30 percent in the core and 5 percent in the 
surrounding material. For saturated conditions and 30 percent porosity, the model 
predicted tonperature transients with a period of about 5 hours. Kuroda predicted 3 to 4 
hour durations for temperature transients. The large instantaneous jumps in temperature 
could be an indication of the violent ejection of water that Kuroda predicted, resulting in 
ongoing geyser activity. The range of temperatures simulated by the computer model 
within the Oklo reactors agreed with evidence fr-om the Oklo geology.
IV
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SYMBOLS
A area (m^)
Ap area of pore (m )^
Av Avagadro ’s Number
Aw Atomic weight (u)
B buckling
Cp specifrc heat (kJ/kgK )
Cpf specific heat of fluid (kJ / kg K)
Cps specific heat of rock (kJ / kg K)
C.S. control surface
C.V. control volume
Df 6 st neutron difiusion (m)
Dth thermal neutron diffusion (m)
E ena^gy (J)
f  thermal utilization factor
g gravity constant (m / s^ )
G fisâon constant (MeV / fission)
i X coordinate
j y coordinate
ka ^parent thermal conductivity (W / m K)
keg efikctive neutron multiplication factor
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kf thermal conductivity of fluid (W / m K)
koo infinite neutron multiplication Actor
kg thermal conductivity of rock (W / m K)
1 eSective neutron life (s)
Lg slowing down length (m)
m mass (kg)
m mass flow rate (kg / m )^
K permeability (darcy)
N number density (atoms / kg^)
n number of neutrons
n normal vector
p pressure (MPa)
P power (W)
pr resonance escape probability
P\L non-leakage probability
gr source generation per unit area (W / m )^
q, source generation per unit volume (W / m )^
Q heat (J)
r relaxation Actor
S neutron source (neutrons / m^2)
t time (s)
ti/2 half-life (s)
T temperature (K)
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Tr period of reactor (s)
U X velocity (m / s)
U internal energy (kJ / kg)
V y velocity (m / s)
V velocity (m /s)
w thickness (m)
work (J)
X element
z height (m)
Z number of protons
Greek Symbols
a angle (degrees)
V del operator
8 Ast fission Actor
4> porosity
n reproduction factor
X decay constant
dynamic viscosity of fiuid (1% /m s)
X pi
0 angle (degrees)
P density (kg / m )^
Pc reactivity (dollars)
Pr density of fiuid (kg / m )^
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P. density of rock (kg / m )^
G. absorption cross section (m^)
Gg scattering cross section (m^)
Gse elastic scattering cross section (m^)
Gsi inelastic scattering cross section (m )^
GT total absorption cross section (m^)
X volume (kg / m )^
V stream function (m  ^/ s)
o neutron flux (neutrons /  m  ^s)
Of neutron flux of fast neutrons (neutrons / m  ^s)
0& neutron flux of thermal neutrons (neutrons / m
Z f macroscopic fission cross section (m  ^/ m )^
Z s macroscopic scattering cross section (m  ^/ m )^
Zr total macroscopic cross section (m  ^/ m )^
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CHAPTER 1 
INTRODUCTION
Since the Ascoveiy and use of atomic energy, Aere has been an enormous problem 
wiA Ae Asposition of waste products produced by raAoactive material. Over Ae last 
five decades, the use of raAoactive material Ar boA military purposes and the peaceful 
use Ar power generation, has generated large amounts of raAoactive waste.
Unfortunately, these by-products have extremely long half-lives, and can remain 
dangerous for thousands of years. One purposed way to deal with this waste is through 
use of a permanent, long-term underground storage facility known as a “geologic 
repository”.
Extensive research has been done over Ae years to find a location suitable to saAly 
stpre high level raAoactive waste. For a potential site to be considered, many factors 
must be examined. Some of Ae Actors in deciding Ae suitability of a site are the 
geologic characteristics, such as Aults, fissures or volcanic areas, level of Ae water table 
m Ae area, and Ae climate to name a Aw.
Since a geologic repository A r high-level wagte has never been constructed, there is 
no previous experimental data A r the repository as a whole. This leads to many 
uncertainties, arch as Ae effects that wato" infiltration will have, how Ae nuclear waste 
will behave after canister degradation, and the manner in which raAoactive species will
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
migrate. This lack of experimental data leads to Ae use of natural analogs A  provide 
answers.
A 1956, J. P. Kuroda, a radiochemist at the University of Arkansas, predicted that the 
natural enrichment of uranium in the earA's distant past would have been suAcient to 
sustain a nuclear chain reaction (fission) to occur in water-saturated uranium ores. 
Kuroda inAcated that sites rich in uranium around the world coAd be investigated to
determine whether nuclear fission had occurred in the earth’s geologic past.
Natural uranium is composed primarily of two isotopes, fissionable and non- 
fissionable Worldwide, the enrichment, or relative abundance, of naturally-
occurring uranium is 0.714%. To manufacture commercial reactor fuel, uranium must be 
“enriched” to bring this ratio up to about 3% in order to sustain a fission chain reaction in 
the presence of water. Due to the relative short half-life of Kuroda was able to 
predict that 2 billion years ago, the natural enrichment of uranium on the earth was about 
3%. This corresponds closely to the enrichment of modem pressurized water reactor 
fuel.
On June 7, 1972, H. Bouzigne, R.J.M. Boyer, C Seyve, and P. Teulieres at Ae 
French Atomic Energy Establishment at Pierrelatte wiAessed an anomaly in Ae 
abundance of Ae fissionable isotope U^^ in a uranium sample fi"om the Oklo mine in Ae 
Republic of Gabon, Afiica. The abundance of ^^ ^U in this sample was 0.7171 atom- 
percent, as opposed A  the normal value of 0.7202 ± 0.0010 in naturally occurring 
uranium.
Between December 1970 and May 1972, samples of uranium ore that were extracted 
fi"om Ae Oklo site were lower in total by 200 kg. These samples of uranium also
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
contained an extremely low abundance of (0.440 percent) and odAy contained the 
fission products neodymium and samarium inAcating that nuclear fission had occurred in 
Ae ore at sometime in Ae earA's past.
Using the facts listed above, it was determined that a self-sustaining nuclear reactor 
occurred at the Oklo site ^proximately two billion years ago. These natural nuclear 
reactors contained layers of veiy rich uranium ore "sandwiched" between layers of nearly 
impermeable clay on the top and bottom. The reactors, contained more than 500 tons of 
uranium, and may have released as much as lO" kilowatt-hours of energy. Neutron flux 
at various points in the reactor may have exceeded 1.5 x 10^  ^ neutrons / cm  ^ sec. 
Samples have also been found that contained a concentration of as low as 0.29 
percent, as compared with the standard 0.72 percent concentration found in natural 
uranium.
FurAer stuAes had concluded that Kuroda's earlier Aeory that natural reactors 
existed was not only correct, but operated for a period as long as 600 thousand to 1.5 
million years. The reactor had uranium wiA enrichments exceeding 3 percent, and 
remained critical wiA Ae presence of water as a moderator, until Ae enrichment 
decreased below 1.5 percent.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Oklo Reactor 
Sites in Gabon
Figure 1.1 Location of the Oklo Natural Fission Reactors
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Naudet (1976) demonstrated that spontaneous criticality can occur in high-grade 
sandstone ore when the uranium concentration is about 10% for a layer two meters thick. 
These ores are rare, but did exist in the Oklo natural reactor zone. "Therefore, hssion 
reactions can begin in small volumes with the resulting heat-inducing convective 
circulation which causes desilicihcation and argillization of sandstones." (Naudet, 1976) 
The extremely hot fluid circulation may have resulted in leaching of uranium from the 
surrounding area as well as uranium migration, resulting in an increase of the 
concentration of Gssionable material in the reactor zone. Areas that were depleted in 
uranium and that contained no frssion products were discovered around the reactor zone. 
This is evidence that uranium migration occurred and that the result was a concentrated 
zone of uranium rich ore at the center of the reactor. “Thus, hydrothermal processes 
resulting from fission reactions produce an increase in uranium and support the on-going 
nuclear reactions.” (Naudet, 1976)
Curtis and Gancarz (1983) studied radiolysis in nature, through use of the Oklo 
reactor geologic data. The natural reactor operating temperatures were found to be 
between 450°C and 600°C. It was noted that the thermal efrects of the reaction extended 
outward, producing lower temperatures out to a fbw meters. Curtis studied the transport 
of the frssion products ruthenium and technetium, and concluded that they migrated out 
of the reactor core a few thousand years afra^ the reactor stopped operating. He 
concluded that the frssion products in the reactor must have been transported at 
temperatures between 100°C and 425°C. Fluid inclusions in the reactor zone were used 
to study the pressures that occurred during time of the ongoing nuclear criticality. These 
inclusions revealed reactor operating pressures between 800 and 1070 bars.
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In a study performed by LaFaye-Gauthier and Weber (1989), the various isotopes and 
the processes of operation that occurred in the natural frssion reactors of Oklo were 
investigated. "The main factors initializing the nuclear frssion reactions are (1) a high 
uranium concentration, (2) a low content of poison elements (neutron-capturing nuclei 
such as boron and rare earth elements), (3) the presence of light nuclei (neutron 
moderators) such as hydrogen in water, and (4) a high concentration of frssionable nuclâ 
in the uranium." Condition number (4) re&rs to the ratio of to
Analyses of the chemical composition in the reactor zones showed that the amounts 
of magnesium and uranium greatly exceeded the values in normal ore. These excessive 
amounts may have been increased by convective circulation during the reaction. An 
increase in the amount of uranium provides additional frssionable material, thus 
prolonging the life of the nuclear reaction. The occurrence of the nuclear reaction 
implies that high concentrations of uranium existed in zones prior to the convective 
circulation.
Brookins (1990) studied the radionuclide behavior of Oklo and some of the possible 
applications to radioactive waste management programs. Brookins fr)und that noble 
gases Kr and Xe, along with the alkali elements Rb and Cs also migrated fr^ om the host 
UOz The mass spectrometer data suggests large amounts of the elements are fixed in the 
surrounding minerals.
Actinides such as Th, U, Np, Pu, and probably Am have not migrated fr"om their 
original sites. A minor redistribution of U was seen. All of the individual element 
migrations were consistent with predictions that could be made fr"om Eh-pH diagrams 
an/or fiom crystal chemical and other theoretical interpretations. After two billion years
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most of the radionuclides and/or their decay products at Oklo have not migrated or have 
only migrated a few meters. Due to the temperature range observed (several hundred 
degrees C), using Oklo as a natural analog to man-made radioactive waste management 
was logical.
Kuroda (1990) discussed the transient mode of operation for the natural reactor, 
which periodically shut down and then restarted. He suggests that the reactor operating 
temperature was in the range between the boiling point of iodine (183°C) and the melting 
point of tellurium (452°C). Xenon data obtained by Shukolyukov et al., was used to 
calculate the time interval in which the reactor operated within and then shutdown. This 
data yielded values of the period to be between about 3 to 4 hours. Kuroda notes the 
similarity of these values to the duration of the eruption (181 minutes) of the Big Geyser 
at the Naruko Hot Springs in Japan. These results indicate the natural reactors at Oklo 
may have behaved in a manner similar to that of modem geysers.
Cramer (1995) investigated another natural analogue in Northern Saskatchewan that 
possessed striking similarities to the Oklo natural reactors. The Cigar Lake deposit 
contained a high concentration of uranium ore situated between thick clay layers of clay, 
about 430 meters below the surface. The dominant uranium mineral in the deposit was 
natural UOz (uraninite) which was similar in structure to the UO2 used in commercial 
reactor fuel.
The clay was shown to provide an eSective barrier against the flow of ground water 
by sealing frssures and fractures, and only allowed difrusion across the inter&ce. 
Observation of the Cigar Lake deposit shows that the large uranium rich layer 
(approximately 148,000 tons) has been well preserved for an extremely long time. This
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indicated that the clay barriers severely retard the migration of radionuclides from within 
the reactor zone. The Cigar Lake deposit, which was formed about 1.3 billion years ago, 
has withstood m^or geologic events such as earthquakes, erosion and glaciers for more 
than a billion years. The Cigar Lake natural reactor, like Oklo, has great implications in 
the behavior and possible migration of frssion products from the core of the reactor to the 
surrounding areas.
Culbreth and \figgato (2000) conducted a study to determine the depth and pressure 
at which the Oklo natural reactors occurred. A nuclear criticality code was developed to 
replicate the conditions at Oklo. From the program, k«, the infinite neutron 
multiplication factor was computed as a function of temperature and pressure. The 
functions were then curve-fitted and analyzed for the conditions that would have led to 
the minimum and maximum temperatures suggested by Kuroda and Holliger.
It was observed that reactor performance was heavily dependent on water density. As 
the tenq)erature inside the reactor rose above 710 °K, superheated water would expand 
and the k« value would decrease. The decrease in the infinite neutron multiplication 
factor lead to a lower power output and cooling of the water inside the reactor. The 
minimum deviation occurred at values of 48.4 MPa and 44 MPa based on Kuroda and 
Holliger's data. This corresponds to two sets of depths depending on whether hydrostatic 
or lithostatic pressures occurred at reactor depth during operation. Curvefrts showed that 
in order for a geologc reactor to operate between the geologic temperature and the upper 
temperature range, the pressures must have been hydrostatic corresponding to a depth of
4.5 to 4.8 km.
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A computer model of OWo has been developed to conduct parametric studies of the 
conditions that led to sustained fission. In this model, uranium concentrations, porosity, 
pore saturation, temperature and pressure within the core have been predicted based on 
the transient behavior. Transient behavior is extremely important in the operation of the 
reactor. After a study of the relative concentrations of radionuclides with the cores at 
Oklo, Kuroda indicated that the reactors operated with a periodic output. It was 
suggested that this may have resulted in the forceful ejection of superheated water from 
the reactors in the form of geysers. This water would have also contained frssion 
products. If degradation of waste packages in a repository occurred and similar 
conditions existed, this could lead to the possible transport of radionuclides into the 
outside environment.
The theory used to compose the computer model has been taken from the areas of 
heat transfer and fluid flow within porous media. In addition to the flow in porous media, 
equations for nuclear criticality and thermodynamic properties of water at various 
temperatures of water have been used. A finite difference approach was used to model 
flow in and around the reactor. The equations for neutron flux, temperature, and fluid 
flow within the reactor zone were iteratively solved on a mesh of nodes.
The equations for conservation of mass, Darcy Flow, neutron generation and 
diffusion, and the energy equation were combined in the program to predict the long-term 
behavior of the Oklo reactors. Based on recent calculations of pressure within the critical 
reactors, water existed in a single phase as superheated steam. Geologic records have 
been studied and documented in the Oklo reactor, and through use of this data, a natural
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analogue fr)r geologic repositories is proposed. The results of this work and the possible 
inq)lications fr)r the design of a geologic repository are presented.
10
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CHAPTER 2
MJCLEAR THEORY 
The sbnwctujecdFaKiadxMii (consists ()f]%notorw&, electrons and neutrons. The protons and 
neutrons reside at the center of the atom in the nucleus, while electrons orbit the nucleus 
in the surrounding shdls. Protons are positively diarged, dectrons are negativdy 
charged arid neutrons posses no charge. Electrons liavnBtlie smallest niass» while neutrons 
are slightly more massive than protons. The masses for a proton, neutron and an electron 
are 1.007276 u, 1.008665 u, and 5.48580 x 10"^  u respectively. The unit for mass is one 
atomic mass unit (u), which is equal to 1.660438 x 10^  ^ kg. An element's atomic 
number is given by t k  total number of protons in the nucleus. Atomic weight of an 
ekuxaüwghwaiby:
= ft + Z  (2.1)
where n is the nuniber of naîtrons and Z is the number of protons. DiSerent elements 
may have dif&rent values of mass numba"s, while still containing the same amount of 
protons. The difkring atoms of the same elanent are known as isotopes. Natural 
uranium is an example of this, which has difkrent isotopes listed bdow
^ [7  0.006% aArmdlaMce
235
92
23*
0.714% oÿxmdÜMcg
11
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2.1 Nuclear Fission
"Abundance" is deGned as the atom pa^centage ofeauch isotcqie preawant in a naturally 
occurring mixture. Tnœ234, 235 iud 238 Ihüed above Ixdbnedœ symbol for unununuOU) 
are the atomic weights of the various isotopes of uranium. It is shown that each isotope 
has the same number of protons (92 - atomic number) as stated previously in the 
deSnition of an isotope. Enrichmait is dehned as the artiGcial increasing of the 
abundance of an isotope. For example, the enrichment of uranium indicates the 
percaitage of present in a mixture of uranium isotopes. is the Gssionable 
isotope and easily absorbs a slow neutron (thamal neutrons), which may then start a 
fission reaction. The 238 isotope of uranium is non-fissile, and therefore cannot sustain a 
fission reaction. The number density (N), or number of atoms present of an individual 
element is
#  = (2.2) 
4 .
where p is the density of the material, and A, is Avagadro's number (6.02252 x 10^ 
atoms per kilogram mole). (Foster and Wright, 1983)
A fission reaction occurs when a neutron strikes a fissionable nucleus and is 
captured. Fission, as shown in figure 2.1, results in the emission of two or more 
neutrons, two large fission fiagments, other subatomic particles, and significant energy. 
The fission products follow a statistical distribution that varies by fissionable isotope. 
Fission produces gamma radiation and kinetic energy that may be converted into heat to 
run a steam cycle to produce electricity.
12
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23)
Slow moving neutron
Figure 2.1 Fission Resulting in '^^ C^s and Neutrons
2.2 Radioactive Decay
Radioactivity is produced from the decay of unstable nuclei. Depending on the 
element, half-lives can be on the order of seconds or up to hundreds of millions of years. 
The lighter elements that result from the radioactive decay are known as daughter 
products. Decay of radioisotopes occurs in a random manner with a half-lifr that is 
spedfrc to each isotope. X, also known as the decay constant, is used to describe the 
probability that a certain fraction of the unstable nuclei will decay in a given time 
interval. The rate of decay is defrned by the following difrerential equation
(2.3)
where N is the number of unstable nuclei present. This Grst order difrerential equation 
can be solved using separation of variables.
îf
N,
(2.4)
13
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No represents the original number of unstable nuclei present at time zero and N is the 
number of unstable nuclei present at some time t. Integration of equation 2.4 yields
In = (2.5)
The equation for the &r the amount of nuclei present at time t is then solved for by taking 
the anti-log of both sides.
#  = (2.6)
The half-life of a radioisotope is given by
(2 7)
(Foster and Wright, 1983)
2.3 Compound Decay
Daughter products of a radioisotope are many times unstable, and decay to produce a 
third nuclide, which may also be unstable. To illustrate this phenomena, the case of an 
element decaying to an unstable daughter and then to a third stable isotope, is used to 
derive an e:q)ression to show the number of nuclei present &)r each element at some time 
t. Nio represents the number of nuclei of the parent element present at time zero and Ni 
is the number of parent atoms with a decay constant at any time t, then
(2 .8)
The rate of change of the parent nuclei is
_ AT ] a-Af= (2.9)
14
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The rate of change of the daughter atoms, dN^/dt is defrned as the number of parent 
atoms change with respect to time minus the decay of the daughter, which has it's own 
decay constant, kz.
^ '  (2 .10)
Rearranging leads to
+ (2 .11)
or
which is an equation in the frarm of
^  + = (2.12) ok
This first order ordinary differential equation can be solved through use of the integrating 
factor, p.
p  = (2.13)
The solution to equation (2.12) is
y = — [ + — (2.14)
where C is a constant of integration. Substituting values into equation (2.11)
(2.15)
The constant of integration C, can to obtained with the initial condition of Nz = 0.
(2.16)
15
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The number of daughter atoms is then
(2.17)
With the granddaughter element stable, the number of atoms of this element is
(2.18)
2.4 Neutron Interactions
Neutrons produced by fission interact with the reactor core materials in two ways, 
they are either absorbed or scattered. The average energy produced by fission is about 2 
MeV (1 eV = 1.60210 x 10'^  ^joules). Neutrons produced by fission processes may either 
create more fissions, be scattered and reduced to thermal neutron speed, or be destroyed 
through absorption by parasitic materials.
The probability of scattering, absorption, or fission interactions between neutrons and 
nuclei is given by an “interaction rate”:
^  = ( 7 # ^  (2.19)
where G is the microscopic cross section in bams (1 bam = 10'^ cm^/nucleus) and (|) is 
the neutron fiux in (neutrons/cm^ s).
The macroscopic cross section, E, is equal to No, where N is the number density of 
target atoms in nuclei/cm^. Macroscopic cross sections represent the efkctive target area 
per unit volume of material. The mean fi-ee path is the average distance traveled by a 
neutron befiare it interacts with another neutron or nucleus. A value fiar the mean fi^ ee 
path, Xmem, is then obtained by taking the reciprocal of the macroscopic cross section (1 / 
E). Since the cross sections represent probabilities of inteaction, the individual 
properties may be added together to get the total cross section
16
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(Ty =CT^+<T, (2.20)
where o . is the absorption cross-section and o, is the scattering cross section. For a
fissionable nucleus, the absorption cross-section is the sum of the fission and capture 
cross sections.
(T, =<T/+(T^ (2.21)
The scattering cross section is composed of the elastic and inelastic values.
(2.22)
Macroscopic cross sections are also additive giving.
(2.23)
For thermal neutrons in most materials, the absorption cross section varies inversely with 
neutron velocity. Thus, the absorption cross section will vary inversely with the square 
root of both the kinetic energy and the absolute temperature. The average neutron 
velocity is larger than the most probable neutron velocity by a factor of 2 / The 
absorption cross sections at these velocities vary as the inverse of this ratio. The 
corrected neutron cross section at temperature T is
= (2-24)
In equation (2.23), 0 ^ 9 3  is the absorption cross section of the material at 293 K, which 
can be found in ^propriate tables.
2.5 Steady State Core Reactors
Fast neutrons are generated inside the thermal reactor core. The fast neutrons 
eventually slow to thermal neutrons through collisions with moderating nuclei. Some 
remaining neutrons are then absorbed by fissionable nuclei and then produce a new
17
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generation of neutrons through fission. The rafio of the new generation of neutrons to the 
previous is known as the multiplication &ctor. In an infinitely large reactor, no neutrons 
leak out and the infinite multiplication &ctor is defined as:
L = -  (2.25)n
where “n” neutrons in one generation lead to the production of n’ neutrons in the next 
generation by fission. Neutrons transport in an actual reactor consists of the migration 
from the reactor core outward to the physical boundaries. At the boundaries, neutrons 
may leak out. Neutron leakage is accounted for by using a non-leakage probability (Pm.), 
in the equation for the effective multiplication factor.
(226)
The value of the effective multipUcation factor must be 1.0 for a reactor to operate under 
stable critical conditions with a sustained chain reaction. For a keff value greater than 1.0, 
supercritical conditions exist in the reactor, and the power increases exponentially. A k«# 
value of less than 1.0 indicates that subcritical conditions exist. During subcritical 
conditions, the reactor power decreases along with the number of neutrons present in the 
reactor. The fiaur-Actor equation is a variation of equation 2.25 fi]r the infinite 
multiplication factor.
(2 27)
Equation (2.27) contains the &st fission 6ctor (s), the resonance escape probability (p), 
the thermal utilization fiictor (f), and the reproduction 6ctor (q).
The fast fission factor is defined as the ratio of the total number of fission neutrons 
produced by both fiist and thermal neutrons to that produced by thermal fission alone.
18
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The probability that a fission neutron is not absorbed by any resonance such as a thermal 
or fast neutron is the resonance escape probability. To obtain the thennal utilization 
factor, the ratio of the number or neutrons absorbed in the fuel to the total number of 
absorptions in the fuel, cladding and other reactor material is investigated. Lastly, the 
number of fiist neutrons produced per thermal neutron absorbed in the fuel is the &st 
fission factor. Values for the &st fission &ctor are usually equal to one. The resonance 
escape probability may be calculated through use of the following equation;
/) = e3q) (2.28)
y
Nz3g is the number density of ^ is the loganthnaic energy decrement. Eg is the
macroscopic scattering cross-section and 1# is the effective resonance integral. The 
energy loss of a neutron due to collision is quantified through use of the logarithmic 
energy decrement and is represented by;
f  (2.29)
The ef&ctive resonance integral is;
/  ^  0.415
-3.9^ E.
A value for the thermal utilization &ctor is found by using:
 ^abs ^  ahs
(2.30)
where E is the macroscopic absorption cross-sections and /indicates the fission material, 
m the moderating material, and c the fuel cladding. The value of the reproduction factor
rs:
19
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>7 =  v | i  (2 .32 )
where v is the number of neutrons produced in each fission. For thermal fission in 
2.43 neutrons are produced per fission.
2.6 Transient Reactor Behavior
A deviation in a steady state neutron population is known as a reactivity change. The 
total lifetime of a neutron is equal to the time it takes to thermalize plus the amount of 
time it survives as a thermal neutron. The thermalizing time is the period it takes fi]r a 
fast neutron slow down through multiple collisions with nuclei in the reactor and to reach 
the speed of neutrons infiuenced only by the temperature of the reactor material. Neutron 
generation time is very short, and may be taken as equal to the thermal life. Neutron 
effective life is defined in equation 2.33.
The reactivity is the ratio of the efiective multiplication factor minus 1.0 (the value for 
critical conditions) to the efrective multiplication &ctor, and may be seen in equation 
2.34.
(2.34)
The reactor period is defined as:
(2.35)
and the neutron fiux as a function of time may then be solved.
0  = (2.36)
20
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Bilanovic and Harms (1985) have conducted a study of the nonlinear dynamics of the 
Oklo reactors. In their study, nonlinear conthmous differential and nonlinear discrete 
iterative fiarmulations are established. Power oscillations were obtained, as well as 
nonlinear mappings fiar nuclear simulations. The results indicated that the power output 
of the reactor oscillated between two values with the period between 2.3 and 2.5 seconds.
In their study, as power increased, the temperature inside the reactor also increased, 
resulting in the water contained in the reactor to be brought above the boiling point. As 
more steam was produced in the core, the density of the water acting as a moderator 
decreased thus causing the number of fissions to decrease as well. The decrease in 
fission reduced the temperature in the core and allowed the water to be condensed and to 
reenter the reactor core. This influx of water back into the core acted as a moderator and 
allowed the reaction to again, once more raising the power output. The cycle repeated 
itself in the manner previously described until enough fuel had been consumed to prevent 
any significant power surges.
Neutrons produced directly by fission are re&rred to as "prompt" neutrons and 
comprise the m^ority of neutrons found in a reactor. Radioactive decay of fission 
products also produces “delayed” neutrons at time intervals dictated by the half-life of 
each decaying radioisotope. Prompt and delayed naîtrons follow in seven different 
groups organized by half-life. The neutron diffusion equation describing the transient 
neutron fiux distribution, $ , in a reactor is shown below:
1 — = (2.37)
V gr
vdiere S is source of neutrons fi3r the next fission, D is the diffusion coefflcient and v is 
the average velocity neutrons. The neutron source due to fission is defined as:
21
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The power generation of the core can then be obtained through use of
(2.38)
(2.39)
where Ef is the macroscopic cross section of fission and G is a constant of 191 
(MeV/fission) that describes the recoverable energy produced per fission.
2.7 Analytical Solution of Transient Flux Distribution on a Flat Plate
0(x,y) = $ 0  at t = 0
Figure 2.2 Two-dimensional Transient Neutron Flux Distribution on a Flat Plate
For a two-dimensional fiat plate the diffusion equation is written as:
1 5 0 (2.40)
y
An analytical solution to the problem shown in Figure 2.2, with no source and no 
absorption terms can be solved through the use of equation (2.40) by separation of 
variables.
22
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Therefore
0 (%,y,r) = %(%)T(y)T(r) = ATT 
Using X, Y and T equal to equation (2.42a,b,c) respectively,
(2.41)
AT = Bsin T = Dsin r  = g- (2.42a,b,c)
where a  is the total length in the x direction, b is the length in the y direction and t is the
time, Dn is the neutron diffusion coefficient and p and q are equal to terms in equation 
(2.42a,b).
(2.43a,b)
l a y 9 — L 6 J
Substitution of equation (2.42a,b,c) into equation (2.41) yields:
0  = sin Dsin
y
® = I Z C , , . s i n
w=l m=\
flTTX sm
(2.44a,b)
Application of the boundary conditions and the initial conditions for t = 0 shown in 
Figure 2.2, gives the equation for the flux distribution as a function of position.
n -\ m -\
Integrating over the entire area gives Cnm-
l a y
. 1 miry
' H —
(2.45)
_  20Q a-acos(»;r)y 6-6cos(m;r)^
I  A  j
The analytical solution for the two-dimensional transient fiux then becomes:
(2.46)
^^20Q ^nr-acos(M ;r)Y 6-6cos(/M ;r)) .sm sm
l a y
(2.47)
23
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTERS
CONSERVATION PRINCIPLES THEORY 
In modeling the heat trans&r and duid How, two basic principles were used. These
include conservation of mass, momentum and energy. Derivations o f both principles are 
given in the Allowing sections (Hughes, 1991).
3 .1 Conservation of Mass
System at Time t+At
Streamline
Figure 3.1 Control Volume of a Flow System
24
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A control volume may be established which contains any amount of a substance, 
which in this case is water. Water properties are held constant in the control volume. A 
second control volume may be drawn around the Grst, and the boundary of this new 
volume is considered to enclose the same mass of fluid at the next time step, (t + At). 
The chosen control volumes are depicted in Figure 3.1 showing the fluid in zone A at 
time t and the fluid in zone C at time (t + At). The amount of mass, m, in the various 
zones at a given time may then be solved with the following derivation.
/n,(f) = m,(r + Ar)-mg(r+Ar)+m2(f + Ar) (3.1)
Reordering terms and dividing by At,
m^jt + - m^jt) _ {t + AQ- (r + M)_  _  _
The limit as At—K) is then apphed and the equation becomes;
hm /»^(r + A r ) - /» ^ ( r ) ^
(3.2)
(3 3)A r-^0  Ar
where p is the density of the water, r  is the volume, and C.V. is the control volume. With
= (3.4)lim rmg(r +Ar) m;(r + Ar)
Ar —>0 Ar Ar
then
C .f .
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where mb, and are the mass flow rates in and out of the control volume, a  is the
angle between the velocity vector and the normal, and K is the velocity vector. The 
continuity equation for the control volume is:
C.S.
(3.6)
C.K
Equation (3.6) is the continuity equation in integral form and demonstrates that the rate of 
mass flow out of the control surface is equal to the decrease inside the control volume 
with respect to time. For a steady flow (5p/0t = 0) and since the control volume is hxed, 
equation 3.7 results.
= 0 (3.7)
C.S.
Ai
Vi,
Ai
V2
Figure 3 .2 Continuity of Flow in a Control Volume
For the how entering and leaving the control volume pictured in Figure 3 .2, the equation
IS
(3.8)
After integration equation 3.8 reduces to:
26
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If the how is incompressible (p is constant) pi = pz, the how rate Qout is equal Qm 
(Q = AV) due to conservation of mass as seen in equation 3 .9.
3 .2 Conservation of Momentum
The force acting on a particle is given by Newton's second law of motion.
F  = (3.10)
The force, F is given by the change in linear momentum, M  with respect to the change in 
time, t. With a constant force, the momentum equation may then be written as hDllows:
(3.11)
Using the control volume setup in Figure 3.1, AM may be then expressed as:
AM = M  ^ {t + At)—Mg(r + At)+Mg(t + At)—M^(t)
After rearranging equation 3.12, and dividing the entire equation by t:
AM  M^ if + At)—M^ (r) M g(t + At)—M^(r + At)
At "  At At
Taking the limit as At goes to zero, the hrst term on the right side becomes
lim M^(t + A t)-M ^(t) 6
At at
/ .  
M
at
(3.12)
(3.13)
(3.14)
c.r
Then faking the limit as At goes to zero for the second term:
lim
Mg(t + A t)-M p(t + At)
At C.S.
(3.15)
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Equation 3.11 becomes:
F  = — j  (3.16)
C V .  C.S.
The momentum equation including a body force and shear force is then given in equation 
3.17.
? ,+  = ^  j" (3.17)
c.r c.f.
3.3 Conservation of Energy
A derivation of the conservation of energy equation for a given control volume is
achieved through use of the first law of thermodynamics. The first law is:
= (3.18)
where Q is the heat added, W is the work done and AE is the change in energy within the 
control volume. The total energy seen in the first law is given by the sum of the internal
energy, kinetic energy and potential energy. The amount of the energy within the volume
is:
E  = U + (3.19)
In equation (3.19), U is the internal energy, m is the mass, g is the gravitational 
acceleration, and z is the change in height. The second component of equation 3 .19 is the 
kinetic energy (1/2 mV^) and the third is the potential energy (mgz).
Using the volume depicted in Figure 3 .1, the energy equation at time t is:
= (3.20)
where Ef is the final energy of the volume and Ei is the initial energy. Dividing by At,
28
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g  E y-E .
Af Ar Af
The right hand side of equation (3 .21) is evaluated as follows:
Elf ~Ej ^ E^(t + At) — E-^it + Ar)+ E2 (t + At) — E^{f)
(3.21)
At
Applying the limit as At-»0,
At
(3.22)
A r-»0  At
c . x .
lim Ej- — E- Q
A t-^0  A/ &
(3.23)
(3.24)
C.V. C.S.
The work done at the boundary of the volume is the hydrostatic pressure. The work done 
by the flow &)r both inflow and outflow is given in equation 3.25.
V J fUyw -work
lim 
At —> 0
2 ir+Af n  l«+Ar
At At
e.g.
(3.25)
The energy equation then becomes;
(tg (tlF g
(ft ^t ^t c.;^ . e.g.
(3.26)
where
1
g =  M 4----------+  BZ
2
(3.27)
Equation (3.26) states that the heat transfer rate minus the work production rate in the 
control volume is equal to the change of energy stored in the control volume with respect
29
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to time plus the net rate of stored energy and flow work moving out of the control 
volume.
30
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CHAPTER 4
POROUS MEDIA THEORY
4.1 Conservation of Mass in Porous Media
A finite control volume with the dimensions Ax, Ay and W, with W much larger than 
Ax or Ay, may be established. Since W is much larger than the x and y dimensions, the 
mass-flow analysis may be done in the x and y directions alone. Figure 4.1 shows a two- 
dimensional control volume of a porous medium. This control volume can be used to 
show the two-dimensional conservation of mass in porous media, as seen later. (Bejan, 
1995).
y
IK
v  + ( d v / d y )  - Ay
u + (3u /c3x) ■ Ax
Figure 4 .1 Control Volume of Porous Medium
31
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y +Ay
Pore Velocity 
Distribution
X +  Ax
Figure 4.2 Pore Velocity Distribution
The mass flow rate entering the volume depicted in Figure 4.2 from the left in the x 
direction is defined by equation 4.1,
(4.1)
where Upon, (pore velocity distribution) is the velocity distribution over the void in the x 
direction. Selecting the control sur&ce size WAy to be significantly larger than that of
the pore surface, the velocity in the x direction is
y-hA yWI J. »
The mass fiow rate in the x direction is then reduced to the following form
(4.2)
(4.3)
The velocity in the y direction is computed in the same way as shown for the x direction.
32
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. (f+Ac) y
^ = i  (4.4)
The mass flow rate in the y direction is
my = /?v()^Ax) (4.5)
Using the conservation of mass equation
= Z ^ - Z ^  (46)
^  inlet outlet
then
+ = 0 (4.7)
Œ or ^
where (|) is the porosity of the medium. By combining equations (4.3), (4.5), and (4.7) the
following results,
+ + = 0 (4,8)
& ^
The simplified form of the mass conservation for the average flow is then acquired and
shown in equation 4.9,
^ ^  + V. =0  (4.9)
V J
where Û is the volume averaged velocity vector (u, v, w).
4.2 Darcy's Law
Darcy's Law summarizes the flow, the momentum equations and flarce balances fiar a 
porous media. Darcy discovered that the velocity for the fluid through a column of 
porous medium is directly related to the pressure drop across the column. Subsequent
33
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experiments indicated an inverse relationship between the velocity and the viscosity of 
the fluid flowing through the porous medium.
P + A P
x + Ax
X drection
Figure 4.3 One-dimensional Flow in a Column of Porous Medium
Figure 4.3 shows a forced flow through a one-dimensional column filled with a porous 
medium. From this geometry, Darcy’s observations lead to the conclusion that the 
velocity may be represented by
M = ---
ok
(4.10)
where K is the permeability, p is the pressure and \i is the dynamic viscosity.
The permeabihty in Equation (4.10) is analogous to the thermal conductivity in 
Fourier’s Law of heat conduction. Taking into account a body force, Darcy’s Law 
becomes
« (4.11)
The three-dimensional representation of equation (4 .11) then becomes
34
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(4.12)
4.3 Conservation of Energy in Porous Media
To derive the conservation of energy for a porous medium, heat and fluid Sow are 
considered in one dimension only as shown in Figure 4.4 (Bejan, 1995)
T"
A — Aj
Ffow Direction
Ax
Figure 4.4 One-dimensional Fluid Flow Through a Pore 
The void in Figure 4.4 is deSned such that (ApAx)/(AAx) is equal to the porosity.
(4.13)
Through out the derivation of the energy equation, a homogenous medium is considered 
to make up the porous medium. The Suite volume AAx is selected when analyzing the 
fluid and solid phase in the energy equation. Temperature in the solid phase is 
represented by the equation given by
(4.14)
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where psisthe(h%whÿofthe!xdk^ c,, is the spKxaùGc lieal cdTtiie sodid, k, is lübe tbaniuü
conductivity of the solid and is the heat source gœeration per unit volume ami per 
unit time within tlie scdid mateaial. Using the assirniptiori()flioKiK)gp%ih3r, the tempeature 
does not vary in the solid and thus equation (4.14) may be written as
^  -  .4  ^X  ^  (4 15)
The energy conservation within the fluid at any point in the fully saturated void is
c%r c%r
=  (4 1(5)8%
where (p, Cp, k)f are the properties of the fluid. Integrating over the pore volume results 
in equation 4.17.
Using equation 4.2, the average velocity may be substituted into the second term giving
/4%f=(T (4 18)JJAj,
Internal heating with viscous dissipation is taken account for in the last term on the right 
hand side of equation (4.17). The dissipation term is the work necessary to force the flow 
through the pore. This work term is equal to the mass flow rate times the pressure drop 
divided by the density of the fluid, thus giving
36
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(4.19)
Equation 4.19 holds true &)r any pore geometry. To acquire the volumetric average of 
the energy equation, equations (4.15) and (4.17) are added together and the divided by 
the volume (AAx) of the porous void. The porous void is once again considered to be a 
homogeneous medium.
+ (l -  + ( l -  + (l
+  u
8c
(4.20)
+ P f S x
The apparent thermal conductivity of the porous medium, ka, is defined below as the 
combination of the fluid and the solid conductivities through use of the porosity as shown 
in equation 4.21.
kg = t  y + ( l - ^ ) k . (4.21)
The one-dimensional energy equation becomes
( — — (4.22)
The three-dimensional form of equation (4.23) is
where V is the volume average velocity vector (u, v, w).
37
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CHAPTERS
HEAT TRANSFER AND FLUID FLOW THEORY
5.1 Governing Equations
The heat trans&r and fluid portions of the computer model were developed based on a 
two-dimensional transient convection transport model. (Oosthuizen, and Naylor, 1999) 
The Darcy flow model and the Boussinesq approximation convection model were used to 
develop the governing equations. In this study, since conditions are saturated, super­
heated water, the air values inside the porous media were neglected. The equations were 
used to represent continuity, momentum in the x and y directions and energy, 
respectively. Continuity for two-dimensional, incompressible flow is given by:
(5.1)
The continuity equation is written to show conservation of mass, stating that the total
amount of mass in the system is equal to the total amount in minus the total amount out in 
both the X and y directions. For the case of natural convection in two dimensions, the 
Boussinesq approximation may be used to represent the pressures and temperatures in 
both directions. The Boussinesq approximation is:
1 ^
u -----1-V—  = ---------- v v • +  - + P g ( T - T ^ ) (5.2)
38
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The variables in equation (5.2) are as follows:
u is the velocity in the x direction 
p is the density of the fluid 
V is the kinematic viscosity of the fluid 
g is the gravitational constant 
T is the temperature
p is the expansion coefBcient of the fluid where:
P = \  (5.3)
Using the Darcy Flow equations along with Boussinesq approximation, the momentum 
equations in the x and y directions are written as follows:
„ (5.4 a,b)
^  = - ^  + ^ ^ P /( r - r .) s m S  
A ^
where p f is the dynamic velocity of the fluid, which in this case is water, K  is the 
permeability of the surrounding rock (sandstone), and p is the pressure. The symbol P 
represents the expansion coefficient, g is the gravitational constant of 9.81 m / s^ , pf is the 
density of water, T is the temperature. To is the neighboring temperature, and 8 is the 
angle o f inclination of the system. The velocity in the x direction is represented by u and 
the velocity in the y direction is given by v. The energy equation is the final equation 
written to govern the heat transfla  ^in the system.
• A
87 87 r  ^  ^« ----i-v— = -----
8r ^
8 '7  8 '7  ^
+  — -  +  - (5.5)
8r" k
In the energy equation, k. is the apparent thermal conductivity, Cp is the specific heat of 
water and rock combined and gr " is the heat generation per unit volume. To obtain an
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apparent thermal conductivity, the Allowing equation was used, where <|) is the porosity 
and k, is the thermal conductivity of the rock, which is that of sandstone.
k, = ^ ky + (l -  (5.6)
Inq)lementing the use of the stream function, % the continuity equation is then satisfied 
by defining in terms of u and v in the Allowing manner.
(5.7a,b)
«
v  =
The continuity in terms of the stream function is then
0 (5.8)
After taking the derivative for the x component of equation 5.4a and the derivative of the 
y component of 5.4b, and then subtracting the two results, the pressures are eliminated, 
resulting in one equation ft)r the momentum.
cos^  sin^
^  8r
(5.9)
The previous definitions of the stream function in equation 5.7a and 5.7b are then 
implemented so the steady state equation fi)r momentum is given as:
87 87 .co s^  sin^ (5.10)
8r ^  //y
Similarly, the velocity terms in the energy equation are replaced by the streamfimction 
representation:
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8 (y 87 8 (/ 87 k,
^  8r 8r ^
8"7 8^7
■ +  -
' + T
(5,11)
The convective components ffir the equation above are represented by the terms on 
the left hand side and those on the right hand side are the conductive components along 
with a heat generation term supplied by nuclear fission in the reactor. Adding the change
in temperature with time results in the transient form of the energy equation.
87
8f
r  • \
8"7 8 ^  g"
8%" k
V
8(y 87 8(y 87 
^  8r 8r ^
(5.12)
/
Application of the appropriate boundary conditions and initial conditions must then be
carried out. For the natural reactor, the boundary conditions at all walls (edges of 
reactor) are constant temperature and the initial conditions are constant temperature. 
Both the boundary condition and initial condition temperatures are calculated from the 
geothermal gradient that results as depth increases. Natural convection is induced 
through input of heat sources throughout the reactor mesh. Heat generation is the result 
of the fission processes discussed in Chapter 2. Values of velocities may then be 
'^ backed" out of the calculated stream functions. Once the velocities are known, 
pressures may be obtained by using Darcy's Law, which is stated below.
(5.13a,b)
u =
/ / /  &
v = ---------- —
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5 .2 Analytical Solution of the Steady State Heat Transfer on a Two-dimensional 
Plate
100 T
QIC 0°C
0°C
Figure 5.1 Two-dimensional Steady Heat Conduction on a Flat Plate
A transient conduction problem will eventually come to a steady state solution for the 
temperature distribution at every point on a plate. This is a good verification of the 
validity of results obtained through the relaxation numerical solution. A two-dimensional 
fiat plate initially with zero tenqierature at the interior nodes and with isothermal 
boundary conditions as shown in Figure 5.1, is governed by the Equation 5.5, with the 
convection terms (left side) equal to zero. This is known as the Laplace equation and 
may be solved through separation of variables since the boundary conditions are 
homogeneous. The first step is the assumption of a product solution shown in equation 
5.14.
7(%,}') = Z(%).yCy) (5.14)
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Using this assumption the equation with constant thermal conductivity, density, and 
specific heat becomes, the heat conduction equation becomes:
Both variables are set equal to a constant value, y:
and the two equations may be written to derive X and Y
+ X(%) y = 0
2 -y (y ) y = 0
(5.17a,b)
4^
The only non-trivial solution is obtained when y not equal to 0. The solutions for x and y 
using y = are then:
Y(x) = v4sin Ar + ^ c o s ^
y(y) = C a n h ^  + D cosh .^  ^
Equations for X(x) and Y(y) are substituted back into equation (5.14) to yield the steady 
state temperature distribution as a function of x and y.
7(%,);) = (^ sin ^  + ^ cosA r)-(C  sinh Ar + Dcosh (5.19)
Constants A, B, C and D are solved for by using the appropriate boundary conditions. 
After application ofboundary conditions (shown in Figure 5.1) to the Sturm-Liouville 
equation and use of the Fourier sine e?q)ansion, the hallowing equation is obtained for 
temperature as a function of the x and y positions.
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27
Æ"
xsinh
V a yIT
n=l M sinh
V a  y
(5.20)
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CHAPTER 6
NUMERICAL THEORY 
The numerical approximation of the governing equations listed in the previous section 
is achieved easily through use of a central difierencing technique. The central 
difkrencing harm of the finite difierence equations consists of taking the values at the 
next node in the positive direction subtracting the previous node, and then dividing the 
difikrence by twice the distance.
i-1 i i+1
# * *
------------------- >
X direction
Figure 6.1 Central Difkrence Scheme
For example in Figure 6.1, to find the derivative of neutron fiux with respect to x, the 
equation with central dihkrencing would look like:
^  -^ ,-1
where Ax is the distance between each node. The second derivative is then as hallows:
(6.1)
(6.2)
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If the difierence is taken in the second direction y, a j Aibschpt is included in addition to 
that of the i. The neutron diSusion equation is then:
V At
= D
(Ax):
-  + 5" (6.3a)
Wiere t is the old time step and t + 1 is the new time step 
0(+1
ij vAt
+
V W  (Ayf
1
^ 1 2DAt 2DAt ^ ^
VvAt (Ax):
,2 a
y
(6.3b)
y^plying the central diSerence to the momentum equation results in the following finite
difference solution for the stream function at the new time step for each node:
{ r p  t-‘r \  q n  f+ I
2Ay
(Ax): Pf
cos (9
r p  Ï+1 r p  /-hi
2Ax
sin0
(6.4a)
-t-
f  r p  ? + l r p  t+ \
" ^ ' - - c o s e
(Ax): (y^y
\ \
2Ay
r p  ^+1 r p  t+ l
Mj -  ,-i.y
2Ax yy
1
V(Ax)' (Ay f y
(6.4b)
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The stream function is treated as quasi-steady, meaning the steady state solution is solved 
at each time step, thus there is no transient term in the equation. The transient energy 
equation is obtained by solving har temperature values at each node:
At
rr+ 1  I rpt-vi 'T ^ r+ i  , _1+1.; + i  M.; i ).J+1 + 1 f.;-i q
(Ax): ( ^ ) :  k
. , J  qrt+ l 'jyt+ l nnt+l nrt+l
y /  ;.;+] -  y /  1.;-] i  M J  -  I 1-1.; (7 1+1.; — (7 1-1.) i  l.;+l “  1 l.;-l ^  -
2Ay 2Ax 2Ax 2Ay
(6.5a)
T ' l + l  I T ' l + l  T l + 1  I n r  1 + 1  „r 1+1.; +  r 1-1.) , V i.)+i + V i.;-i q
(Ax)' (Ay): "^'k
a r t  T t+ l  rpt+ l . . . t  t  rp t+ \ nnt+\y/ 1.)+] —y/  i.)-i i  1+1.) - 1  1-1.) ^  I (7 1+1.) ~ W i-i) y i.)+i ~ y i.)-i
2Ay 2Ax 2Ax 2Ay
2kAr 2kAt1 +  : —  +
pCp(Ay):
(6.5b)
Using the neutron diffiision, momentum and energy equations coupled together, an 
iterative procedure may be used to iteratively solve for neutron flux, streamfimction and 
temperature at every node. The updated values are then acquired through the governing 
equations and then repeated until convergence is attained. A relaxation numerical 
method is used so the updated value of (|)ÿ is given by:
C ' ^ C + K l ^ ï ' - C )  (6-6)
in which is the value conq)uted from equation 6.3b, is the value from the
previous iteration and r is the relaxation factor. For under-relaxation the value for r is
less than 1.0, and for over-relaxation the value fr)r r is greater than 1.0. The same
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calcprocedure is used to calculate values of the stream function at every node in which 
and 7 ]^  are acquired through use of equations 6.4b and 6.5b.
< 7  (6.7)
V j = T ; . , + r y ‘f ‘ - n ; )  (6.8)
The values for neutron flux, streamfimction and temperature are solved implicitly
through use of the equations discussed previously. Convergence is based on the tolerance
values given for each variable and the limit on the maximum number of iterations 
specified.
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CHAPTER?
COMPUTER PROGRAM
7.1 Oklo transient Code
The computer program developed consists of one-group neutron theory, two- 
dimensional fluid flow and heat transfer in a porous medium, and thermodynamic 
properties of water. Since all fission reactions are due to thermal neutrons (slow 
neutrons), fast neutron groups have been neglected for the preliminary version of the 
program. All of the program, subroutines and functions are written in Fortran 90 source 
code. The main program Oklo transient calls the various subroutines, which then 
calculate streamfunctions, temperatures, velocities and pressures, check for convergence 
and carry out the appropriate number of iterations. During calculation of quantities that 
involve thermodynamic properties of water, the appropriate function for the property 
needed is called by passing the pressure, temperature and any other variables required. 
The functions compute dynamic viscosity, thermal conductivity, specific heat, density, 
and the compressibility &ctor ffir water. The functions are valid within a temperature 
range up to 1450°C and pressures up to 100 MPa, extending beyond the range of 
operation of the Oklo reactors. All properties of the rock are considered to be that of 
sandstone (SiOz), with five percent concentrations of AI2O3 and F6 2O3 within each 
volume. The porosity of sandstone may be varied, however, the pores at this depth were 
considered to be fully saturated. First the program reads the defined constant information
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such as the number of nodes in each direction, initial pressures and temperatures, rock 
properties, and the angle of inclination of the reactor. After reading the input data, the 
cross-sections ft)r absorption, fission and scattering are defined. The program enters a 
loop for incrementing time and the various iteration cycles for each variable are 
encountered.
Neutron fiux is calculated first by calculating the number densities of each element,
macroscopic cross-sections corrected for temperature, individual factors of the four-factor 
equation, logarithmic energy decrement and finally the diffusion coefficient. Hydrogen 
is a moderator, and the fission process depends upon the number density of hydrogen, as 
well as other elements and their isotopes, present in the system. The only hydrogen 
found in the reactor is found in the form of water, and the density changes with 
temperature. As the density goes down, so does the number density of hydrogen. 
Temperature and pressure are passed into the function for the density of water during 
each iteration, and for each time step until convergence is achieved. The various values 
of the ft)ur-6ctor equation along with the diffusion coefficient are then calculated. The 
neutron diffiision equation is then solved and checked for convergence. This cycle is 
repeated until the convergence criterion ffir the neutron fiux is met. At each new time 
step, the source of neutrons is calculated and then introduced into the neutron diffusion 
equation.
The temperature iteration is then started and is then carried out until the convergence 
criterion is accomplished. The value of the heat generation rate produced by fission is 
then calculated. Heat generation is based on the converged neutron fiux. The 
temperature distribution is next computed based on the streamfimction and heat
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generation through the energy equation. The streamfimction affects the overall 
temperature through convective dissipation. Functions for specific heat, density and the 
compressibility factor for water are called along with the volume-averaged thermal 
conductivity in each iteration ffir each time step.
As the temperature increases, changes in the density of water within the reactor also 
change, leading to movement of water due to natural convection. The streamfimction 
computation is carried out in the same manner as both the neutron fiux and temperature 
iterations.
7.2 Verification of Transient Neutron Flux Diffusion on a Flat Plate
To verify that the computer code properly models the transient neutron flux within a 
reactor, an analytical transient solution is used. First, the analytical solution of the 
neutron flux distribution as shown in Chapter 2, is used to solve for the distribution over 
the geometry with the boundary conditions shown in Figure 2.2. With an initial flux of 
100 neutrons / m  ^sec and a diffusion coefficient of 0.001 m^/sec, the fiux distribution at a 
time of 10 seconds is found. Figures 7.1 and 7.2 show the analytical values calculated for 
a one meter by one meter plate with a Ax and Ay equal to 0.1 meters and the conditions 
shown in Figure 2.2. Figures 7.3 and 7.4 show the values obtained fiom the 
Oklo transient code with identical boundary and initial conditions. Table 7.1 shows 
values of the error between the code predictions and the analytical solution over the entire 
plate. Figures 7.5 and 7.6 show plots of the percent error as a function of x and y over 
the surface of the plate. Figures 7.1, 7.2, 7.3 and 7.4 are in good agreement with each 
other, indicating very little difference between the analytical solution and that of the Oklo 
code. The results were compared at different points in time, although only the solution at
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10 seconds is shown in the figures. Table 7.1 shows a maximum error of 7.9 percent 
vdien compared to the analytical solution. This occurs at the comers of the plate, where a 
higher error would be expected, and shows good agreement between the code and theory.
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Figure 7.1 Contour Plot of the Transient Neutron Flux for the Analytical Solution on a
Flat Plate at 10 seconds
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Figure 7.2 Surface Plot of the Transient Neutron Flux Surface Plot for the Analytical
Solution on a Flat Plate at 10 seconds
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Figure 7.3 Oklo transient Code - Transient Neutron Flux Contour Plot on a Flat Plate at
10 seconds
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Figure 7.5. Percent Error of Oklo transient Neutron Flux vs. Analytical Solution Surface
Plot Across the Flat Plate
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Figure 7.6 Error in Neutron Flux between Oklo transient and the Analytical Solution
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Table 7.1. Percent Error of Neutron Flux Across the Flat Plate
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.1 0.000 7.856 3.064 1.925 2.363 2.637 2.368 1.933 3 064 7.830 0.000
0.2 0.000 3.064 1.130 1.990 1.468 1.177 1.462 1.981 1.126 3.048 0.000
0.3 0.000 1.925 1.990 2.690 2.104 1.798 2.098 2.679 1.982 1.916 0.000
0.4 0.000 2.363 1.468 2.104 1.484 1.167 1.477 2.092 1.458 2.358 0.000
0.5 0.000 2.637 1.177 1.798 1.167 0.846 1.160 1.786 1.166 2.632 0.000
0.6 0.000 2.368 1.462 2.098 1.477 1.160 1.470 2.086 1.453 2.362 0.000
0.7 0.000 1.933 1.981 2.679 2.092 1.786 2.086 2.669 1.974 1.922 0.000
0.8 0.000 3.064 1.126 1.982 1.458 1.166 1.453 1.974 1.124 3.046 0.000
0.9 0.000 7.830 3.048 1.916 2.358 2.632 2.362 1.922 3.046 7.806 0.000
1.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
7.3 VerrGcation of Steady State Heat Conduction on a Flat Plate
Results from the numerical code were also compared to an analytical solution to 
verify that the code could accurately predict the conduction of heat within the Oklo 
reactor. A one meter by one meter plate with Ax and Ay equal to 0.1 meter was analyzed 
with the conditions shown in Figure 5.1. The values from the analytical solution for 
temperature are plotted in Figure 7.7 and Figure 7.8. Values from the Oklo transient 
code are shown in Figure 7.9 and Figure 7.10. Table 7.2 lists the error between the 
Oklo transient values and the analytical solution. Figures 7.11 and Figure 7.12 show 
plots of the error over the entire plate. A maximum percent error value of 2.5 percent 
was found at the comers of the reactor model. The plots of Figure 7.7, 7.8, 7.9 and 7.10 
are almost identical and a maximum value of 2.5 percent error shows excellent agreement 
between the analytical solutions and those produced by the code. These values also 
showed that the code per&rmed in the proper manner due to the fact that the correct 
steady state solution was reached. If the code were not performing correctly, a steady
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State teoqierature distribution similar to that of the analytical solution would not be 
achieved through the use of a transient analysis.
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Figure 7.7 Contour Plot for the Steady State Temperature Distribution for the Analytical
Solution of Conduction on a Flat Plate
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Figure 7.8 Sur&ce Plot of the Steady State Temperature Distribution for the Analytical
Solution of Conduction on a Flat Plate
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Figure 7.9 Oklo transient Code- Contour Plot of the Steady State Temperature 
Distribution for Conduction on a Flat Plate
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Figure 7.10 Oklo_transient Code- Surface Plot of the Steady State Temperature 
Distribution for Conduction on a Flat Plate
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Table 7.2. Percent Error of Steady State Tempa-ature Across the Flat Plate
y(m)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.1 0.00 1.23 1.25 1/27 1.37 1.59 1.97 2.47 2.54 0.03 0.00
0.2 0.00 1.08 1.06 1.02 0.98 0.95 0.87 0 61 0.10 1.09 0.00
0.3 0.00 0.93 0.87 0.76 0.61 0.42 0.16 0.18 0.56 0.(57 0.00
x(m) 0.4 0.00 0.82 0.73 0.56 0.36 0.10 0.18 0.44 0.57 0.43 0.00
0.5 0.00 0.79 0.67 0.50 0.27 0.00 0.28 0.49 0.55 0.36 0.00
0.6 0.00 0.82 0.73 0.56 0.36 0.10 0.18 0.44 0.57 0.43 0.00
0.7 0.00 0.93 0.87 0.76 0.61 0.42 0.16 0.18 0.56 0.67 0.00
0.8 0.00 1.08 1.06 1.02 0.98 0.95 0.87 0 61 0.10 1.09 0.00
0.9 0.00 1.23 1.25 1.27 1.37 1.59 1.97 2.47 2.54 0.03 0.00
1.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7.4 VeriScation of Transient Mass Transfer on a Flat Plate
The final case studied was that of the convective flow and mass transfer of a fluid in 
the cavity with the boundary conditions shown in Figure 7.13. Due to heat generation, 
fluid flow would be present in the pore water of the reactor due to natural convection. A 
simple check of the streamfimction was conducted for a time equal to 20,000 seconds 
after commencing operation of the reactor. The simulation was carried out for a UO2 
concentration of 15 percent in the reactor core and 5 percent in the surrounding areas and 
with a porosity of 20 percent as seen in Figure 8.5. The fluid flow induced by the 
difference in the buoyancy of the fluid at various locations caused natural or free 
convection. In the case studied, the flow in the reactor would be representative of that of 
a fluid flow in a closed rectangular box heated from bdow. Flow in such a system would 
be expected to have a bifiircating flow pattern. The streamfimctions in Figure 8.6 
contained two distinct cells, consistent with the expected flow pattern. Pressures and 
velocities can be calculated from these values for the streamfimction. The flows shown
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in Figures 8.6 through 8.10 show good agreement with the expected bi&ircating flow at 
20,000,40,000, 60,000, 80,000, and 100,000 seconds afler reactor operation commenced.
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CHAPTERS
DISCUSSION OF RESULTS 
The Oklo transient code was pursued in the interest of developing a computer model 
to re%)h(%Lte cmndKtions and bdiavic^ jxtuiid to locojr in cxire sturqiles at the (ZHdo reawztor 
site, as well as those hypothesized by previous researchers. The focus of this 
investigation was to determine reactor operating conditions such as the temperature range 
over time, pressure variation, flow patterns and the possibility of periodic fluctuations 
during critical operation.
Figure 8.1 Control Volume Representation of the Oklo Reactor
There were a safes of over 19 sites in Gabon, A6ica where small lens-like natural 
reactors operated over 2 billion years ago. A rqzresentative Oklo reactor has been 
modeled numerically using Gnite diSerences and the geometry shown in Figure 8.1. The 
Oklo reactor model was approximately 6 m long by 1 m high represented by the two
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Glled squares in Figure 8.1. An impermeable layer of clay below the reactor prevented 
the Gow of water and another impermeable layer of clay capped the uranium-rich 
sandstone shown at the top of the Ggure.
The two-dimensional reactor geometry represented a semi-mGnite extending in the z- 
direcGon. Three cases of UO2 concentraGons in the reactor core were investigated; 9, 15 
and 30 percent in the shaded area for the geometry shown Figure 8.1. The reactor core 
was placed at the bottom of this model to represent a conGned wall where the reactor was 
above a clay substrate. This type of conGguration was witnessed in the geological 
remains of the Oklo and Cigar Lake deposits.
The core of the Oklo reactor contained the highest concentration of uranium. The 
surrounding sandstone contained 5 percent UO2 concentration. Core uranium 
concentration of 9 percent was chosen as the lower limit because it was the lowest 
concentration that would allow criticahty to occur. This percentage also coincided with 
Naudet’s work which predicted minimum concentration levels of 10 percent within 
uranium-nch sandstone. Throughout all runs, eoiichment values of 3.5 percent were 
used, as this is the approximate calculated natural abundance of two bilGon years 
ago. The porosity of the sandstone was also varied to investigate the effect that water 
content had on the behavior of the reactor. Porosity values used were 10, 20, and 30 
percent for the sandstone in which the reactor resided. Limits of 1750 K G)r the 
temperature and 1 x 10^  ^neutrons / m  ^ sec for the neutron Gux were applied to maintain 
reasonable neuGon Gux and temperature values during power excursions.
Isothermal condiGons were used at the reactor walls G)r temperature, pressure, 
streamfuncGon and neuGon Gux. A temperature of 400 K was used to represent the
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geothermal tenqterature and a pressure of 40 MPa corresponding to a depth of about 4.5 
km StreamfuncGon and neutron Gux values of zero were used at the boundaries, a 
condiGon which allowed no Guid or neuGon transfer across the reactor walls.
Cases were Grst run to veri^ the independmce of results with varying time step and 
G3r a variable number of nodes in the x and y direcGons. The Grst case used a Gme step 
of 0.0001 seconds corresponding to the mean prompt neuGon lifetime in the reactor. A 9 
by 9 volume grid was used in the preliminary model. The runtime for this case was 
approximately 7 days on a 2.66 GHz Pentium 4 processor.
Another run was then conducted using the same Gme step, but with a 19 by 19 grid. 
Figure 8.2 shows the temperatures versus time for the center of the reactor for each of the 
three cases described above. The curve located in the center of Figure 8.2 represents the 
9 by 9 grid with a time step of 1 x 10'"* seconds. The curve below represents the 9 by 9 
with a time step of 5 x 10'  ^ seconds and the curve above shows the 19 by 19 case with a 
Gme step of 1 x 10^ seconds.
The three curves are very similar and show that increasing the number of nodes or 
decreasing the time step changes the accuracy of the soluGon very litGe. Of course, the 
Gner the time step and grid, the more precise the soluGon becomes with a signiGcantly 
greater computaGon time. All subsequent cases were run with the standard Gme step of 
0.0001 seconds and with a 9 x 9 grid. Results included Gme-dependent values of the 
neuGon Gux, temperature, sGeamfuncGon, heat generaGon and pressure at every node. 
The Guid properGes must be updated during every iteraGon, thus producing run times of 
up to several weeks or more depending on grid size and Gme step.
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Figure 8.2 Verification of Spatial and Time Dependence for Temperatures at the Center
of the Reactor
coreFigure 8.3 shows temperature profiles for 9 percent concentration in the reactor 
and 5 percent for the surrounding area of UO2 and porosity ranging fi-om 10 to 30 
percent. Temperatures in Figure 8.3 show two main difierences between the various 
values of porosity; initial peak temperature and the steady state temperature. As the 
porosity increases, the initial temperature and steady state temperatures increase.
Figure 8.4 gives the temperature plots fi)r concentrations at the reactor core of 15 
percent with varying porosity. Once again the initial peaks are higher with higher 
porosity, however the steady state temperature for 30 percent porosity is slightly lower 
than that of the 20 percent case. All the curves have similar profiles to those observed i 
Figure 8.2.
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The last set of cases for 30 percent concentration for tenqieratures at the center of the 
reactor are given in Figure 8.5. The temperature behavior for 10 and 20 percent behavior 
exhibit similar trends as those seen in the 9 and 15 percent concentration cases. A 
noticeable diSerence is observed in the 30 percent porosity case. The initial spike 
occurred and decayed normally. Instead of the decay to steady state temperature as seen 
in other runs, a second transient occurred and then decayed to a steady state temperature. 
The presence of a second transient indicates the possibility of periodic operation of the 
reactor as Kuroda states. The hrst and second peak to trough temperature change occurs 
over about 5 hours. These times are only slight greater than the 3 hour period concluded 
the reactor operated in by examining xenon concentrations. The periodicity is directly 
aflected by the thermohydraulics and thermophysical properties of water.
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Figure 8.3 Tenqieratures for 9 Percent Concentration at the core and 5 Percent in 
Surrounding Areas of UO2 for varying Sandstone Porosity for the Center of the Reactor
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Figure 8.4 Temperatures for 15 Percent Concentration at the core and 5 Percent in
Surrounding Areas of UO2 for varying Sandstone Porosity for the Center of
the Reactor
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Figure 8.5 Temperatures for 30 Percent Concentration at the core and 5 Percent in
Surrounding Areas of UO2 for varying Sandstone Porosity for the Center
of the Reactor
The following graphs are snapshots of stream function, temperature, neutron flux and
pressure at intervals o f 2 0 , 0 0 0  seconds, ranging in times &om 2 0 , 0 0 0  to 1 0 0 , 0 0 0  seconds.
The two of plots &»r the stream function show a distinct bifurcating Sow &om 2 0 , 0 0 0  to
40,000 seconds. After 40,000 seconds, the stream function tends to stabilize and only
minor changes occur. This is due to more stable conditions for temperature, producing
less convective Sow. The temperature plots change only slightly over the 80,000 second
time change S"om the Srst to the last plot. The peak temperatures occur mosSy around
the center-line of the y axis (y = 0.5 m). Naitron Sux plots show sharp spikes for values
around certain areas of the reactor. A close comparison of the neutron Sux and
temperature plots over the 80,000 second interval reveals minor changes in the
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temperature with change in Sux. This behavior is not consistently witnessed throughout 
the entire simulation; as a sharp increase in temperatures in earlier times prior to 
temperature stabilization may be observed. The Sux and temperatures are aSected by 
adjacent volumes with smaller or greater amounts o f Sssionable material, and can 
produce unstructured neutron Sux value spikes due to the ef&ct temperature has on 
reducing the Sssionable cross section. Lastly, the pressure sur&ce plots also show large 
spikes in value. The pressure is backed out of the stream Smctions and may vary greatly 
in different locations of the reactor. The coupling of the neutron diffusion, heat transfer 
and Suid movement equations are all dependent on the thermal properties of water, and 
thus highly nonlinear.
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Figure 8.17 Neutron Flux Surface Plot for 40,000 seconds 15 % U02 - core, 5 % U02
surrounding and 20 % porosity
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Figure 8.19 Neutron Flux Surface Plot for 80,000 seconds 15 % U02 - core, 5 % U02
surrounding and 20 % porosity
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Figure 8.20 Neutron Flux Surface Plot for 100,000 seconds 15 % U02 - core, 5 % U02
surrounding and 2 0  % porosity
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Figure 8.22 Pressure Surface Plot for 40,000 seconds 15 % U02 - core, 5 % U02
surrounding and 2 0  % porosity
76
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Pressure (MPa) 50
0.875
0.625
0.375
0.75 ,
0.125
y(m )
890-100
880-90
□  70-80 
@60-70 
050-60 
@40-50
□ 30-40 
020-30 
810-Z) 
00-10
Figure 8.23 Pressure Surface Plot for 60,000 seconds 15 % U02 - core, 5 % U02
surrounding and 20 % porosity
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Figure 8.24 Pressure Surface Plot for 80,000 seconds 15 % U02 - core, 5 % U02
surrounding and 2 0  % porosity
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CHAPTER 9 
CONCLUSIONS
A two-dimensional numerical model that incorporates modeling of fluid flow, 
temperatures, and nuclear flssion was developed fl)r the Oklo natural reactors. Various 
combinations of UO2 in the reactor core and porosity were study to determine the eflect 
both have on the operating temperatures, neutron flux behavior, flow characteristics and 
operating modes of the reactor such as the possibility of periodic heat generation.
Temperature profiles were shown to have a large spike in the initial start up of the 
reactor and then decay of to a steady state temperature for all cases except that of 30 
percent UO2 concentration at the reactor core with 30 percent porosity. The operating 
temperatures ranged 6 0 m about 456 K to about 721 K. These temperature ranges agree 
exactly with Kuroda's predicted ranges and the upper limit agrees with Curtis and 
Gancarz’s predicted lower limit of 723 K as seen in Figure 9.1.
Viggato
456 K 721 K
Kuroda
466 K 721 K
Curtis and G ancarz
723K 873K
Figure 9.1 Operating Temperature Range Comparison to Previous Studies
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Critical reactions were observed for a wide range of concentrations and porosity 
values (9 to 30 percent UO2 and 10 to 20 percent porosity). The lower limit of 
fissionable material concentration was 9 percent for the Oklo transient code which 
coincided with Naudet's prediction of 10 percent concentration of highly enriched 
material.
The period of operation that Kuroda predicted, occurred in the Oklo transient 
prediction with concentrations of 30 and 5 percent UO2 in the reactor core and 
surrounding material respectively, and 30 percent concentration of water (30 percent 
porosity) which allowed a second super-critical spike in temperature. Kuroda predicted 3 
to 4 hour durations while the Oklo transient produced times of about 5 hours. The large 
instantaneous jumps in temperature could be an indication of the violent ejection of water 
that Kuroda predicted, resulting in ongoing geyser activity. Naudet indicated that the 
superheated hydrothermal flow of the water in the reactor could allow the leaching of 
uranium flrom the surrounding rock and transport this material back to the center, thus 
sustaining the reaction. The basis of this conclusion was the lack of high concentrations 
of uranium rich material surroundii% the core. The stream flmction plots presented 
previous show bifurcating flow that could allow redistribution of uranium material back 
into the center o f the reactor core as Naudet suggested.
The Oklo_transient code was validated through changing the number of nodes and 
time step for conshency of the solution. Very little change in the temperature history at 
the center of the reactor was witnessed through use of these variations. The model was 
further validated through comparisons to known analytical solutions and behavior for 
temperature, stream function and neutron flux. All of these veriflcation tests agreed
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nicely with the corresponding analytical solution and/or behavior 6 )r the given geometry. 
Kuroda investigates a calculation of the period of hee decays of the isotopes of Xenon 
and witnessed an upward shift of data points. "This means that here we have a power&rl 
experimental tool with which to determine the time periods of the Oklo reactors, which 
have been operating intermittently nearly two billion years ago." (Kuroda, 1990) \^ th  
this statement, it is confident to say that the similarity of temperatures and period shows 
the model developed accurately replicates the conditions under which the Oklo reactors 
operated.
Kuroda predicted the existence of natural flssion reactors in 1956 and received 
criticism. In 1972, French scientists vindicated his predictions through the discovery of 
the Oklo Reactor Sites. Now, in 2004, a computer model that couples thermal fluid 
dynamics, heat transfer and nuclear reactor physics has demonstrated Kuroda’s prediction 
of periodicity, temperature range and the potential for violent ejection of water in the 
farm of a geyser are all reasonable.
Further work to more accurately model the reactor operation may be conducted. The 
addition of neutron poisons such as xenon and samarium would be one possible 
modiflcation. Concentrations of UO2 in the reactor may have actually been as high as 90 
percent. ModiGcation of the source to allow extremely high concentrations along with 
the dissolution of surrounding rock to increase reactor concentrations would also be 
desirable. Fission products, their decay and transport and parallel implementation of 
source code could be integrated in to the current source. Modeling of future criticality 
events in geologic repositories with or without the above listed improvements could also 
be pursued.
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APPENDIX I
VERIFICATION DATA
Analytical — Steady State Temperature
X
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.000
0.1 0.000 1.094 2.302 3.755 5.623 8.159 11.802 17.452 27.395 48.906 100.000
0.2 0.000 2.077 4.366 7.108 10.604 15.275 21.776 31.220 45.634 68.226 100.000
0.3 0.000 2.851 5.987 9.725 14.444 20.634 28.950 40.275 55.685 75.942 100.000
0.4 0.000 3.344 7.017 11.378 16.841 23.906 33.159 45.228 80.604 79.232 100.000
0.5 0.000 3.513 7.370 11.942 17.653 25.000 34.535 46.790 62.079 80.169 100.000
0.6 0.000 3.344 7.017 11.378 16.841 23.906 33.159 45.228 60.604 79.232 100.000
0.7 0.000 2.851 5.987 9.725 14.444 20.634 28.950 40.275 55.685 75.942 100.000
0.8 0.000 2.077 4.366 7.108 10.604 15.275 21.776 31.220 45.634 68.226 100.000
0.8 0.000 1.094 2.302 3.755 5.623 8.159 11.802 17.452 27.395 48.906 100.000
1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.000
Oklo transient: -  Steady State Temperature
0 0.1 0.2 0.3 0.4
y
0.5 0.6 0.7 0.8 0.9 1
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.000
0.1 0.000 1.108 2.331 3.803 5.700 8.289 12.034 17.884 28.091 48.893 100.000
0.2 0.000 2.099 4.412 7.180 10.708 15.420 21.965 31.410 45.588 67.479 100.000
0.3 0.000 2.878 6.039 9.798 14.532 20.720 28.996 40.202 55.371 75.436 100.000
0.4 0.000 3.372 7.068 11.442 16.901 23.930 33.099 45.030 60.259 78.894 100.000
0.5 0.000 3.541 7,420 12.001 17.701 25.000 34.439 46.560 61.740 79.882 100.000
0.6 0.000 3.372 7.068 11.442 16.901 23.930 33.099 45.030 60.259 78.894 100.000
0.7 0.000 2.878 6.039 9.798 14.532 20.720 28.996 40.202 55.371 75.436 100.000
0.8 0.000 2.099 4.412 7.180 10.708 15.420 21.965 31.410 45.588 67.479 100.000
0.9 0.000 1.108 2.331 3.803 5.700 8.289 12.034 17.884 28.091 48.893 100.000
1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.000
% Error
X
0 0.1 0.2 0.3 0.4
y
0.5 0.6 0.7 0.8 0.9 1
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.1 0.00 1:23 1.25 1.27 1.37 1.59 1.97 2.47 2.64 0.03 0.00
0.2 0.00 1.08 1.06 1.02 0.98 0.95 0.87 0 61 0.10 1.09 0.00
0.3 0.00 0.93 0.87 0.76 0 61 0.42 0.16 0.18 0.56 0.67 0.00
0.4 0.00 0.82 0.73 0.56 0.36 0.10 0.18 0.44 0.57 0.43 0.00
0.5 0.00 0.79 0.67 0.50 0.27 0.00 0.28 0.49 0.55 0.36 0.00
0.6 0.00 0.82 0.73 0.56 0.36 0.10 0.18 0.44 0.57 0.43 0.00
0.7. 0.00 0.93 0.87 0.76 0 61 0.42 0.16 0.18 0.56 0.67 0.00
0.8 0.00 1.08 1.06 1.02 0.98 0.95 0.87 0 61 0.10 1.09 0.00
0.9 0.00 1.23 1.25 1.27 1.37 1.59 1.97 2.47 2.54 0.03 0.00
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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2-d Analytic 10 sec -  Transient Neutron flux
X
0.0 0.1 0.2 0.3 0,4
y
0.5 0.6 0.7 0.8 0.9 1.0
0.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.1 0.000 27.092 43.863 50.286 51.805 52.008 51.805 50.286 43.863 27.092 0.000
0.2 0.000 43.863 71.014 81.414 83.874 84.201 83.874 81.414 71.014 43.863 0.000
0.3 0.000 50.286 81.414 93.336 96.156 96.532 96.156 93.336 81.414 50.286 0.000
0.4 0.000 51.805 83.874 96.156 99.062 99.449 99.062 96.156 83.874 51.805 0.000
0.5 0.000 52.008 84.201 96.532 99.449 99.837 99.449 96.532 84.201 52.008 0.000
0.6 0.000 51.805 83.874 96.156 99.062 99.449 99.062 96.156 83.874 51.805 0.000
0.7 0.000 50.286 81.414 93.336 96.156 96.532 96.156 93.336 81.414 50.286 0.000
0.8 0.000 43.863 71.014 81.414 83.874 84.201 83.874 81.414 71.014 43.863 0.000
0.9 0.000 27.092 43.863 50.286 51.805 52.008 51.805 50.286 43.863 27.092 0.000
1.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Oklo transient 10 sec -  Transient Neutron Flux
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.1 0.000 29.220 45.207 51.254 53.029 53.379 53.032 51.258 45.207 29.213 0.000
0.2 0.000 45.207 70.211 79.794 82.643 83.210 82.647 79.802 70.214 45.200 0.000
0.3 0.000 51.254 79.794 90.825 94.133 94.796 94.139 90.835 79.801 51.250 0.000
0.4 0.000 53.029 82.643 94.133 97.592 98.289 97.599 94.145 82.651 53.026 0.000
0.5 0.000 53.379 83.210 94.796 98.289 98.992 98.296 94.808 83.219 53.377 0.000
0.6 0.000 53.032 82.647 94.139 97.599 98.296 97.606 94.150 82.656 53.029 0.000
0.7 0.000 51.258 79.802 90.835 94.145 94.808 94.150 90.845 79.807 51.252 0.000
0.8 0.000 45.207 70.214 79.801 82.651 83.219 82.656 79.807 70.216 45.199 0.000
0.9 0.000 29.213 45.200 51.250 53.026 53.377 53.029 51.252 45.199 29.207 0.000
1.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
01
% Error - 101 sec
A
0.0 0.1 0.2
/
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.1 0.000 7.856 3.064 1.925 2.363 2.637 2.368 1.933 3.064 7.830 0.000
0.2 0.000 3.064 1.130 1.990 1.468 1.177 1.462 1.981 1.126 3.048 0.000
0.3 0.000 1.925 1.990 2.690 2.104 1.798 2.098 2.679 1.982 1.916 0.000
0.4 0.000 2.363 1.468 2.104 1.484 1.167 1.477 2.092 1.458 2.358 0.000
0.5 0.000 2.637 1.177 1.798 1.167 0.846 1.160 1.786 1.166 2.632 0.000
0.6 0.000 2.368 1.462 2.098 1.477 1.160 1.470 2.086 1.453 2.362 0.000
0.7 0.000 1.933 1.981 2.679 2.092 1.786 2.086 2.669 1.974 1.922 0.000
0.8 0.000 3.064 1.126 1.982 1.458 1.166 1.453 1.974 1.124 3.046 0.000
0.9 0.000 7.830 3.048 1.916 2.358 2.632 2.362 1.922 3.046 7.806 0.000
1.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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